Because of their potential for high-efficiency energy conversion, selective absorption/emission-based thermophotovoltaics (TPVs) are attractive for solar energy harvesting. 1 In solar TPV (STPV) conversion, an absorber receives thermal radiation from the sun and heats up a selective emitter tuned to re-radiate energy with a spectral bandwidth matched to the PV cell bandgap. By tailoring the emitted energy spectrum to the near-infrared sensitivity of a PV cell, energy losses due to radiative recombination, common in conventional solar-to-electrical conversion, can be minimized. Moreover, low-energy photons can also be recycled by frontend filtering 2, 3 or by backside reflection. 4 Past work on STPVs has primarily focused on the design of micro-/nano-patterned selective emitters to control the emission spectrum [5] [6] [7] [8] [9] and thus obtain highly efficient devices. 10 With the progress in nanofabrication and microcavitybased photonic crystal structure design, the most recent selective surfaces have achieved near-blackbody emission in the near-infrared region with a sharp cut-off--with 4:1 emissivity contrast over a 10% wavelength separation. 5 Optimization of similar physically realizable designs is expected to bring arrays of micro-cavities closer to commercial viability.
Although significant progress has been made in tailoring the emission spectrum of selective emitters, their long-term, high-temperature stability still remains an impediment to commercial implementation of the TPV technology. For maximum efficiency, a TPV emitter is expected to operate at temperatures between 1100 and 2000 K, 11, 12 which poses a significant thermal-stability challenge to the micro and nanostructured selective emitters. 8 Even so, most reported tests on TPV devices have been conducted only for short times at elevated temperatures, clearly inconsistent with the operational requirements of the STPVs. 6, 11, 13, 14 Because of its intrinsic thermal stability and inherent infrared radiation selectivity based on interband structure, tungsten (W) is commonly chosen as the material for selective emitters. 13 Our target device also utilizes an array of W cylindrical micro-cavities to control the emission spectrum. Structurally, our device contains a large periodic array of cylindrical cavities. However, the micro-/nano-structures on W surface significantly degrade during prolonged hightemperature operation due to thermally activated processes. 15 To identify the thermal degradation modes of microcavities on W emitters, we have conducted high-temperature firing tests on patterned single-crystal and polycrystalline W samples at 1500 K. 16 Samples were imaged with an SEM (JEOL JSM-7001F SEM) or by a dual-beam focused-ionbeam (FIB) microscope (JIB-4600F Multi-Beam SEM/FIB). For the W firing tests, cylindrical cavities on mechanically polished single-crystal and polycrystalline W were formed by FIB milling (JIB-4600F Multi-Beam SEM/FIB). All firing experiments, except the oxidation tests, were conducted under vacuum conditions or in a furnace with forming gas flow (5% H 2 and 95% N 2 ).
Not surprisingly, the following major modes of degradation were observed: oxidation, recrystallization, and grain growth, surface diffusion, and evaporation, and recondensation--all thermally activated processes. Of these, the most severe is surface oxidation. Modeling suggests that even at the extremely low O 2 partial pressure of 10 À12 Torr, at 1400 K, W surface oxidizes at a rate of about 8 nm/day. 16 This highlights the challenge for preventing oxidation, even by vacuum packaging. A stable diffusion barrier coating must therefore be considered to avoid oxidation. We have found that a 5 nm thick oxygen-stuffed titanium nitride (TiN) diffusion barrier with vacuum packaging could effectively minimize oxidation and not affect the emission spectrum. 14 In polycrystalline W, re-crystallization and grain growth degrade the nanostructured surfaces (Figs. 1(a) and 1(b) ). If the material was plastically deformed, such as by cold rolling, the stored strain energy would be released when it is heated up, and grains will nucleate and grow at temperatures about 1400 K. Pre-annealing of polycrystalline samples was achieved by heating for over 60 h at 1473 K. Firing tests indeed confirm that pre-annealing leads to greater structural stability compared with an unannealed sample ( Fig. 1(c) ). Thus, pre-annealing may be considered as a low-cost, large-scale fabrication alternative to the more expensive single-crystal W in which recrystallization and grain growth would obviously be absent.
Even if oxidation and recrystallization and grain growth could be avoided, such as by vacuum packaging and by the use of single-crystal W, respectively, surface diffusion, evaporation, and re-condensation still remain as primary concerns for the stability of nanostructured surfaces operating at high temperatures. Flat W can survive operation at 2000 K for long periods since that temperature is well below the melting temperature of W, 3680 K. But, micro-and nano-scale cavities and corrugations even on single-crystal W cannot survive more than 100 h at 1500 K. In this case, structural degradation is due to surface diffusion, evaporation, and recondensation ( Fig. 2) .
Based on Mullin's analysis, 17 a theoretical model for thermal degradation of the micro-and nano-scale structures shows that surface movement is proportional to the second derivative of the curvature, K, along the surface. The velocity of the surface in the normal direction v n,d , is given by 17, 18 
where c is the interfacial free energy, X is the atomic volume, n is the number of atoms per unit area, D s is the coefficient of surface diffusion, k is the Boltzmann's constant, and T is the temperature. With a flat (zero curvature) surface, there will be negligible structural change due both to evaporation and recondensation. However, the amount of material that vaporizes from a convex solid surface can be significant, and it creates locally high vapor pressure promoting re-deposition in nearby areas. The flux is proportional to the curvature, K. The normal surface velocity, v n,e , due to evaporation and recondensation can be expressed as
where A is a vapor transport rate constant and P eq is the equilibrium vapor pressure in a local region of the surface with zero curvature. Not surprisingly, temperature plays a dominant role in all these processes. We simulated the degradation of the tungsten selective emitter by solving Maxwell's equations with periodic boundary conditions and the DrudeLorentz model of the dielectric function of the metal. A finite element solver (COMSOL) is used to monitor the evolution of the surface for the operation at 1473 K up to 4 days as shown in Figure 3 . It is evident that the emission spectra decay as the microcavity surface degrades. The challenge, then, is to design and fabricate micro-/ nano-structured surfaces that can survive high temperatures for more than 30 years of continuous operation. Accordingly, we proposed hafnia plugged microcavities to circumvent inevitable surface diffusion, evaporation, recondensation, and oxidation at high temperatures. 19 The key idea is an optically patterned subsurface but a geometrically flat surface, which avoids curvature dependent degradation. This structure can be fabricated by plugging the micro-and nano-patterned surface cavities with an oxide ceramic. The functional requirements of the ceramic plugs are: infra-red (IR) transparency, serve as an inter-diffusion barrier between functional layers, and compatible thermal expansion with W substrate to prevent cracking and debonding of the plug. While ramping up to the high operating temperature, if the plug expands more than the cavity, a compressive stress across the plug/cavity interface is created, thus mechanically securing the plug. A compressive stress could be induced if the thermal expansion coefficient (TEC) of the plug is greater than that of the cavity. For W microcavities, hafnium oxide (HfO 2 ) can be used because of its IR transparency, compatible TEC, and thin-film manufacturability by the sol-gel deposition process. Moreover, based on an earlier 2013) study, an inter-diffusion barrier of about 5 nm of oxygenstuffed TiN imparts both oxidation resistance to tungsten and also serves as an adhesion layer between W and hafnium oxide. 6 For experimental validation of the thermal stability of plugged microcavities, Si was employed as the substrate material because of its ubiquity in micro-, nano-fabrication. Moreover, since the developed fabrication process would be compatible with a W selective emitter, and other refractory metals, the future fabrication process can easily be adapted for large-scale production of the plugged W selective emitters. The construction of the plugged microcavities on Si selective emitter, shown in Fig. 4 , begins with patterning and etching to form the microcavity surface. Masks for the nanoscale surface features were prepared via a multi-step interference lithography (IL) process. First, %50 nm of Cr was electron-beam evaporated onto a thin glass substrate. The glass substrate was spin-coated with negative resist, which was then exposed via IL using an achromatic Mach-Zehnder IL system. After a post-bake, development was completed followed by an isotropic Cr wet-etch until a cavity diameter of %1.1 lm was achieved. With the IL-fabricated masks, features are then patterned on a Si substrate using standard photolithography techniques and thin, positive photoresist. Cylinders were deep reactive ion etched until the desired depth was achieved using a standard Bosch (STS/Multiplex MESC) process. An adhesion/surface diffusion barrier layer is added via RF reactive sputtering (AJA Orion 5) with a Ti source and 5:7 ratio flow of Ar:O 2 , to deposit $5-7 nm of TiN. After sputtering, the substrate was heated in air to charge the TiN film with oxygen. Film stoichiometry was confirmed by energy dispersive x-ray spectroscopy in a scanning electron microscope (Oxford EDX on JEOL JSM-7001F SEM).
The ceramic plugs were created using a water-based HfO 2 solution coating (Fig. 4(f) ). With spin coating of a precursor, step coverage of cylindrical holes was difficult and uneven coating thickness and stress at corners resulted in cracking and poor film quality. A water-based coating method for ceramic material was selected to inhibit the formation of large colloids during the sol-gel deposition process, which can induce cracks in the densified film. 20 Before and after the firing tests on the fabricated Si microcavities, Fourier transform infrared (FTIR) spectroscopy (Thermo Fisher FTIR6700 with KBr beam splitter and DTGS detector) was used to determine the estimated emissivity of both plugged and unplugged samples. The FTIR measurement consisted of measuring both the reflected and transmitted light over a wavelength range of 1 lm-5 lm, from which the emissivity was calculated based on Kirchoff's law. However, due to the dielectric nature of the silicon structure, light lost to diffraction and scattering was not considered in the calculation of emissivity. As a result, measurements from the FTIR are assumed to be estimated emissivity values only. Nevertheless, these estimated emissivity values still offer valuable insight into the structural integrity of the devices, which is the focus of this communication. Since there was little difference in the initial estimated emission spectra of the plugged and unplugged samples (Fig. 5) , the HfO 2 plugging has minimal effect on the optical characteristics of the Si microcavities.
The samples were then fired at 673 K for 100 h. Thermal degradation was periodically monitored by cross-sectional scanning electron micrographs and by FTIR estimated emissivity measurements. Prolonged high-temperature operation had catastrophic effects on Si emitter without the ceramic plugs. Significant degradation of the microcavity structure ( Fig. 6(a) ) and greatly reduced estimated emissivity were observed. By contrast, the hafnia-plugged sample showed almost no degradation (Fig. 6(b) ) and very little change in estimated emissivity. Due to the non-metallic structure of the Si device, no cutoff wavelength is expected nor observed in the estimated emissivity measurements. As a result, the estimated emissivity remains high at long wavelengths (4 lm), which is not a problem since the Si device is not intended for selective emission but for testing of the thermal stability of plugged microcavity surfaces.
To select thermal conditions for accelerated lifetime tests, and to compare thermal degradation rates of Si and W, models were employed. Previous work has demonstrated that vacancy-driven atomic diffusion in metals is universal in that it scales with the homologous temperature, T h , defined as
where T is the temperature and T m is the melting temperature. If the W selective emitters are required to operate, say, at T ¼ 1500 K and since the melting temperature, T m , of W is 3680 K, T h ¼ 0.4. Thus, the Si selective emitters tested at T h ¼ 0.4, i.e., at T ¼ 673 K, are expected to exhibit comparable degradation due to surface diffusion. Hence, 673 K was chosen as the test temperature for the Si selective emitters. Moreover, to describe thermal degradation due to diffusion, evaporation, and re-condensation, the Arrhenius relationship is commonly employed. 21 Assuming the rate of degradation, R(T), is proportional to exp(ÀE a /kT), where E a is the activation energy, accelerated lifetime test conditions are determined by standard parametric modeling. 22 chosen accelerated test temperature, T, the acceleration factor, AF, is computed as
where T f is the final use, or service, temperature. A scaleaccelerated failure time model, referred to as SAFT model, can be used to determine the equivalent test time at the service temperature T f by the linear relationship
where L(T f ) and L(T) are the lifetimes, respectively, at the service and test temperatures.
Since the microcavities on a Si selective emitter have survived 100 h of continuous operation at the homologous temperature T h ¼ 0.4 (or 673 K), it may be expected, based on the universality of surface diffusion with the homologous temperature, that microcavities on a W selective emitter will survive 100 h of continuous operation at the same homologous temperature, 0.4 (or 1500 K). Now the lifetime of a W selective emitter operating at 1100 K, L(T f ¼ 1100 K), can be estimated by Eqs. (4) and (5) . The activation energy for surface diffusion of Si, E a,Si ¼ 1.7 eV/atom, for W diffusion, E a,W ¼ 2.79 eV/atom, and the Boltzmann's constant is 8.62 Â 10 À5 eV/K. Substituting these values in Eq. (4), the acceleration factor, AF, is calculated to be 2557. Thus, L(T f ¼ 1100 K) ¼ 100 Â 2557 ¼ 255 700 h or about 30 yr. It may be noted, however, that this is an underestimate, because the firing tests on Si selective emitters were concluded after 100 h with no discernible damage. Therefore, plugged W selective emitters operating at 1100 K is estimated to survive at least 30 years. In our recent tests, hafnia plugged Si microcavities survived 22 h at 1173 K (T h ¼ 0.7), which provides an estimated life of W microcavities operating at 1500 K at least 20 yr and at 1200 K more than 4000 yr. However, a realistic estimate of the lifetime of W selective emitters needs to be established by experiments on W at higher temperatures and for longer times.
The results of experiments on the thermal stability of Si microcavity resonator are promising in terms of the longterm thermal stability of W TPV emitters. The hafnia plugged microcavity surface can provide selective emission and also function as a geometrically flat surface to avoid curvature-dependent thermal degradation. Much more work needs to be done, however, to accurately estimate the structural stability of W selective emitters at the service temperatures for prolonged times. Specifically, tests should be conducted on fabricated microcavities on W at the service temperature or even at higher temperatures in accelerated testing. Experimental work along these lines on hafniaplugged W microcavities is in progress.
